The analytical approaches for nonlinear tearing mode have been reviewed. It is shown that Rutherford's model has triggered numerous studies on the nonlinear tearing mode. Its physical picture is clear meanwhile its mathematical method is ingenious but still puzzling to understand. It is trying to find how the 'nonlinear behavior' resulted from the linear equation by a nonlinear transform. It is indicated that Li's model for the tearing mode includes the linear growth, Rutherford's behavior and the new behavior. It was found that the quasilinear modification of magnetic field provided a new damping mechanism for nonlinear growth. The new behavior / w t 1 2 becomes dominant if the mode is weakly unstable. It is shown that many analytical methods have been developed to calculate the criterion parameter D¢ of the tearing mode. Li's instability criterion can cover the previous results in the limit cases.
Introduction
The tearing mode is one of the most important magnetohydrodynamic (MHD) instabilities in plasma physics and controlled nuclear fusion. The whole process of normal discharge in tokamaks is closely related to the tearing mode. The magnetic reconnection resulted from the tearing mode not only affects the confinement and transport of laboratory plasma, but also plays an important role in astrophysics and related areas. Therefore, the research on the growth of the nonlinear tearing mode is significant in physics.
Furth, Killeen, and Rosenbluth analyzed the linear tearing mode in the slab geometry in 1963 [1] . They considered a plasma confined by a sheared field B y0 and a strong uniform field B z . With Faraday's law, the magnetic perturbation B x1 can induce an electric field E z that produces a vortex flow and current density perturbation J z1 . A linear Lorentz force J z1 B y0 is always toward the direction to enhance B x1 , and its produced torque accelerates the vortex flow. The tearing mode exponentially grows on a hybrid hydrodynamic-resistive time scale.
The reduced resistive MHD equations in rational cgs with c=l units are usually used as a starting point,
vortex flow, and will replace the inertia as the dominant mechanism opposing the growth of the mode when the mode grows. Therefore, the evolution of the tearing mode will be reduced to the algebraic growth on the resistive time-scale. It is ingenious but still puzzling to understand the mathematical method in the Rutherford' s model. By assuming
and
around the singular surface at = x 0, equation (1) becomes the linearized one (Equation (9) 
Please notice that equation (3) is a linear equation. Then, how did the nonlinearity come from? Equation (3) was divided by x which is still a linear equation as
The vortex flow was eliminated from equation (4) by averaging over y at constant Y;
The nonlinearity was introduced by the nonlinear trans-
, y 1 2 so that the corrent density was expressed as a nonlinear one (equation (11) 
The nonlinear evolution was obtained by using the asymptotic matching
even though all the harmonics were formally included as
, where » A 0.07. White, Monticello, Rosenbluth, and Waddell discussed the nonlinear saturation of tearing mode in 1977 [3] . They extended the Rutherford's model to the saturation phase but claimed that 'our analysis is a quasilinear extention of the work of Rutherford'. The nonlinear convective term ⋅ Y v in equation (1) was eliminated by introducing the average along a flux line á ñ = Y Y
Equation ( 
Obviously, it is difficult to apply Rutherford's model to treat flow-related problems such as the effect of shear flow on tearing mode, nonlinear coupling of tearing mode, and so on since the nonlinear convective term including the vortex flow has been eliminated in the beginning.
Rutherford's pioneer work has triggered numerous studies on the nonlinear tearing mode and related fields. For example, Drake and Lee extended Rutherford's model to the collisionless g n  (
) and semicollisional g n  (
) regimes in 1977 [5] . Monticello and White found that the Rutherford's behavior are not affected by diamagnetic corrections in 1980 [6] . Scott, Hassam and Drake extended Rutherford's model to nonlinear evolution of drift-tearing mode in 1985 [7] .
Qu and Callen extended the Rutherford's model to prodict the neoclassical tering mode in 1985 [8] . Carrera, Halzeltine, and Kotschenreuther developed a kinetic theory for the nonlinear evolution of neoclassical tearing mode in 1986 [9] . Hegna and Callen extended the nonlinear neoclassical tearing mode to include the pressure graidient effect in 1992
where h nc is the neoclassical resistivity, k 0 and k 1 are numerical constants of order unity,
, p e 1 and p is plasma pressure. Smolyakov, Hirose, Lazzaro, Re, and Callen developed the neoclassical theory to include the effect of ion polarization current in 1995 [11] . D Li proposed a model for the linear and nonlinear growth of the neoclassical tearing modes. It is found that the perturbed bootstrap current in the resistive layer has a stabilizing effect whereas the effect of the equilibrium bootstrap current in the outer region can destabilize the modes [12] .
Nonlinear evolution of tearing mode
D. Li developed a unified analytical model by using standard perturbation theory and the boundary layer method for the linear and nonlinear growth of the tearing mode in 1995 [13] . A nonlinear evolution equation is analytically derived for the tearing mode to describe the linear growth, Rutherford's behavior and the new behavior. It was found that the quasilinear modification of magnetic field produces a nonlinear Lorentz force opposing the linear driving force and slowing down the vortex flow. A new algebraic growth appears due to such damping mechanism. This effect was eliminated in Rutherford's model under the flux average operation and the assumption h d ¶ ¶  / / t 2 (here δ is the resistive layer width). It is shown that a more slowly algebraic growth like Ψ 1 ∝ t can become dominant in the nonlinear phase instead of Rutherford's behavior like Ψ 1 ∝t 2 provided the tearing mode in the linear phase is strongly unstable.
The quasilinear approach was outlined in Rutherford's paper but not developed probably because it was thought that it only gives a qualitatively correct solution. In Rutherford's paper, many harmonics in the current density were included at the beginning. However, as above mentioned, the Rutherford's result was obtained if and only if the fundamental harmonic dominates.
Substituting With help of some transforms, equation (14) can be solved by the method of variables separation. Finally, one can obtain the time evolution equation for tearing mode as follows: 
